In two --•l.l-km-deep wells, the magnitudes of the principal in situ stresses, pore pressure, permeability, and the distribution of faults, fractures, and joints were measured directly in the hypocentral zones of earthquakes induced by impoundment of Monticello Reservoir, South Carolina. Analysis of these data suggests that the earthquakes were caused by an increase in subsurface pore pressure sufficiently large to trigger reverse-type fault motion on preexisting fault planes in a zone of relatively large shear stresses near the surface. The measurements indicated (1) near-critical stress differences for reverse-type fault motion at depths less than 200-300 m, (2) possibly increased pore pressure at depth relative to preimpoundment conditions, (3) the existence of fault planes in situ with orientations similar to those determined from composite focal plane mechanisms, and (4) in situ hydraulic diffusivities that agree well with the size of the seismically active area and time over which fluid flow would be expected to migrate into the zone of seismicity. Our physical model of the seismicity suggests that infrequent future earthquakes will occur at Monticello Reservoir as a result of eventual pore fluid diffusion into isolated zones of low permeability. Future seismic activity at Monticello Reservoir is expected to be limited in magnitude by the small dimensions of the seismogenic zones.
INTRODUCTION
In cases of induced earthquakes it is necessary to understand the responsible physical mechanisms in order to predict the likelihood and severity of future earthquakes and to define steps for hazard mitigation. In this paper, we describe an integrated set of in situ investigations designed to gain a physical understanding of the cause of earthquakes near Monticello, South Carolina, that began after impoundment of a 52-m-deep reservoir in December 1977.
Since Carder [1945] first showed a relationship between the impoundment of Lake Mead and subsequently occurring earthquakes, 63 other cases of reservoir-induced seismicity had been identified as of 1978 [Woodward-Clyde Consultants, 1979]. Two physical mechanisms by which reservoirs might induce earthquakes are commonly cited that were reviewed by Simpson [1976] : the load effect, in which the weight of impounded water adds to ambient stresses and thereby induces the earthquakes (see Gough and Gough [1976] on the 1963 Kariba earthquakes) and the pore pressure effect, in which increased subsurface pore pressure triggers earthquakes by reducing the effective normal stress on fault planes [Hubbert and Rubey, 1959] . Increased pore pressure at depth can result from the load of the reservoir as the rock is a compressible porous medium [Biot, 1941] and from the diffusion of fluid from the reservoir. For reasons which will be discussed later, we believe that fluid diffusion is the mechanism responsible for the induced earthquakes at has never been a test of this hypothesis. In the study described here we have attempted to test the fluid diffusion hypothesis through direct experimentation and to assess its implications with respect to the occurrence of future earthquake activity at Monticello Reservoir. Figure 2 (modified after Talwani [1979] ) shows the clear association between reservoir impoundment and subsequent earthquake activity. P. D. Talwani et al. (manuscript in preparation, 1982) discuss Monticello seismicity at great length, and we will only briefly summarize some of their observations throughout this paper. Beginning about 3 weeks after the start of pumping and impoundment, earthquake activity began to occur significantly above the background level. Maximum activity occurred in a pronounced swarm accompanying full impoundment in January and February 1978; it persisted for about 2 months and then rapidly subsided to a level of activity well above the background level. Of the mechanisms mentioned previously, increased subsurface pore pressure is the suspected triggering mechanism in cases of reservoir-induced seismicity in reverse faulting environments because the effect of the weight of the water is primarily to increase the normal stress on fault planes and hence inhibit fault motion [see Snow, 1972] . As the reservoir-induced earthquakes at Monticello are caused by reverse faulting, our attention is focused on increased pore pressure at depth as the probable causative mechanism. Moreover, changes in pore pressure through fluid diffusion rather than load-induced pore pressure changes are suggested by the manner in which the zones of seismicity grew with time and the apparent time lag between fluctuations in reservoir level and seismic energy release [Talwani et al., 1980 ]. [ 1978] showed that when a reservoir load is concentrated on the footwall side of a reverse fault there is a slight increase in the ratio of shear to nortnal stress. However, this effect does not seem to be applicable to the Monticello seismicity because many of the earthquakes occur directly beneath the reservoir where the load is uniformly distributed on both the footwall and hanging wall sides of the fault planes.
Monticello Seismicity Monticello Reservoir is located in the Charlotte

Bell and Nut
Experimental Program
In our approach to this problem, we have adopted as a working hypothesis the concept that the earthquakes are being induced by increased pore pressure at depth. Making the common assumption that the earthquakes result from slip on preexisting fault planes, we must know the orientation and magnitude of the principal stresses, the magnitude of pore pressure at depth, the frictional strength of the faults, and the orientation of potential fault planes in order to know if frictional sliding is likely to occur. As substantial information is available on the frictional strength of rock from both laboratory [see Byeflee, 1978] and field [see Raleigh et al., 1977] studies, in situ measurements of the stress field, pore pressure, and orientation of fractures and faults can be assessed in terms of the potential for failure to occur upon changes of any of these parameters. To examine directly the state of stress, pore pressure and permeability, and the nature of subsurface fault zones in the hypoccntral zone of the earthquakes, two wells (designated Mont 1 and Mont 2) were drilled to depths of about 1.1 km directly into dense clusters of seismic activity ( I  I  I  I  I  I  I  I  •'I  I  I  I the pressure at which the already formed fracture opened at the well bore to accept fluid on the third pressurization cycle and set T = 0 in (1) to compute SH. Haimson [1978] and Enever and Wooltorton [1982] have found good results with this method in cases when T was known and SH could be computed both ways. A more detailed rationale for this method is discussed by Hickman and Zoback [1982] .
When the least principal stress is vertical, a vertical hydraulic fracture will form at the borehole when, as in the case of the measurements reported here, an inflatable straddle packer is used to isolate the fracture interval [see Haimson and Fairhurst, 1970] . As it propagates, however, the fracture will tend to turn into a horizontal plane, and as this occurs, the long-term shut-in pressure approaches the value of the vertical stress So . The azimuth of the maximum horizontal principal stress coincides with the orientation of the hydraulic fracture at the well bore. After drilling each hole a careful survey was made with an ultrasonic borehole televiewer (described below) to locate intervals without natural fractures for the hydrofrac tests. The same tool was used to inspect the borehole after hydraulic fracturing to determine the orientation of the fracture and hence the azimuth of SH. Unfortunately, no reliable hydrofrac orientations were obtained in either Mont In the following section we will investigate whether well-oriented fault planes do, in fact, exist and whether a change in subsurface pore pressure can be demonstrated to have occurred. At this point, however, several issues should be discussed further: the depth to which earthquakes might be expected based on the stress measurements, and whether there may have been a change in stress before the stress measurements were made due to the stress drops of earthquakes that occurred in the vicinity of the wells.
Before we address the question of earthquake depth, let us consider the issue of stress drops because it could conceivably have affected the stress measurements. In studying several Monticello earthquakes P. D. Talwani This depth estimate compares fairy well with the seismicity data, but deeper earthquakes also appear to be occurring. In 5 months of the most accurately located data listed by Talwani et al. [1980] , 81% of the highest quality events had focal depths of 1 km or less, but the average depth uncertainty (parameter ERZ in the program HYP071 by Lee and Lahr [1972] ) for these events was 0.7 km. ERZ is the minimum uncertainty of the focal depth because it assumes that the velocity model is correct and the error in location is attributed primarily to the station spacing of the seismic network and timing errors. Thus due to the large ERZ and because uncertainty in the applicability of a single velocity model in such heterogeneous terrain further limits resolution of focal depth, the earthquake depths of Talwani m.) If so, then it follows that in some areas around the reservoir, either SH is closer to the failure condition at greater depth than we observed in either well or stress drops occurred in close proximity to the wells that were appreciably larger than a few tens of bars. In either case, the maximum depth to which faulting would be expected based on the in situ stress measurements would be more in agreement with the seismically determined focal depths.
FAULT PLANES
The arguments presented in the preceding section were based on the assumption that well-oriented fracture planes exist for reverse slip to take place at shallow depth. To examine the in situ state of fracturing , an extensive survey of each well was done with an ultrasonic borehold televiewer, the results of which are described in detail by Seeburger and Zoback [1982] and are summarized below.
Method
To summarize the operation of the televiewer briefly (see Zemaneck et al. [ 1970] for a detailed discussion), an acoustic transducer with a fundamental frequency of 2 MHz rotates with a speed of three revolutions per second as it is moved vertically in the well at a rate of 2.5 cm/s. The transducer emits a 3 ø focused beam 180 times per second. The amplitude of the acoustic pulse that is reflected off the borehole wall is displayed as intensity, or brightness, on a three-axis oscilloscope as a function of the beam azimuth and vertical position in the hole, and the images are recorded on both film and video tape. The data are oriented with respect to magnetic north by a flux gate magnetometer in the tool. Essentially, the smoothness of the borehole wall is portrayed in the borehole televiewer images. Where the borehole wall is perturbed by a planar feature such as a fracture, a dark sinusoidal pattern is seen in the images. Resolution of the tool depends upon hole diameter, wall conditions, reflectivity of the formation, and acoustic impedance of the well bore fluid. The wall condition is the most important factor, as a rough well bore makes detection of fine features quite difficult. Except for highly fractured intervals, the conditions in the Monticello wells were good, and all fractures with apertures of more than a few millimeters were probably detected. In heavily fractured intervals, however, only a fraction of the total fracture population could be detected.
Knowing the well diameter, the dip of the fractures may be calculated by measuring the peak to trough amplitude of the sinusoids. The fracture strike is taken to be in the direction of the midpoint between peak and trough. The test wells were drilled with a diameter of approximately 15 cm so that the circumference (horizontal scale) is about 50 cm. Thus there is greater than 3:1 horizontal exaggeration in the pictures. As a result of the horizontal exaggeration, fractures with dips of less than 5 ø appear to be horizontal. Only those features in the records for which the sinusoidal signature could be resolved were picked as dipping fractures. Televiewer surveys were run in each well from total depth (TD) to the top of the water column or the bottom of the casing which was very near the surface.
Results
The data (Figures 6-8 , written communication, 1981) . earthquakes and the manner in which the earthquakes cluster (rather than defining linear fault planes) seem to suggest that the multitude of fractures observed in the well could be representative of the earthquake fault planes. Furthermore, the substantial apparent width of the fractures (many exceed 1 cm) and the persistence of these fractures with depth suggest that they have undergone shear displacement that generated zones of fault gouge.
In Figures 7a and 8a we compare the fracture data with poles to fault planes determined from composite focal plane mechanisms (P. Talwani, written communication, 1981) for earthquakes occurring near each of the wells. The composite earthquake focal mechanism for earthquakes near Mont 2 yields nodal planes that strike N12øW and N56øW and dip 50øE and 50øSW, respectively. The poles to these planes are plotted in Figure 7a 
Method
Subsurface pore pressure estimates were made in three different ways. First, when major fractures were encountered during drilling the rapid in-flow of water shut off the percussion air hammer used to drill the wells. The depth at which this occurred and the height to which water rose in the well were noted. Because the pore pressure did not have much time to equilibrate before an observation, this method was useful only when extremely permeable fracture systems were encountered. The other methods used to estimate pore pressure involved setting a hydraulic packer at a certain elevation in the well and allowing the fluid column in the pipe to approach equilibrium. This is intended to yield the pore pressure beneath the packer, although we may, in fact, be observing the pore pressure in only the more permeable fracture zones below the packer. As explained in Table 2 lower than that expected on the basis of the nearby shallow well. At depths less than 100 m, the subsurface pore pressure was much closer to the expected value but still below that expected. Thus it appears that near Mont 1, the aquifer at depths greater than a few hundred meters was relatively underpressured by at least a few bars before impoundment. Unfortunately, lacking preimpoundment pore pressure data from depth, we do not know how much the pore pressure observed in Mont 1 may have changed since impoundment.
The measurements in well Mont 2 (Figure 10 ) also indicate that the reservoir may have increased subsurface pore pressure. The pore pressure at depths of about 300-400 m was found to be high enough to result in artesian flow from the well. Because the surface elevation of the well is below that of the reservoir, a hydraulic connection between the reservoir and the well at depth could result in artesian flow. The artesian zone is apparently limited to the dense fracture zone which extends from about 400-500 m. It appears that this fracture zone is quite permeable and in direct contact with the reservoir. At depths of about 100 m, the pore pressure is only about 0.8 bars from the expected approximate preimpoundment pore pressure. Just below the artesian zone, the subsurface pore pressure is not accurately known because the pore pressure did not equilibrate during the measurements due to the low permeability (discussed below). As indicated in Figure 10 , however, in general, the pore pressure is apparently between the preimpoundment level and the site hydrostat, and the pressure at the deepest measurement, 751 m, has apparently not changed since impoundment.
Discussion
The zone of anomalously high pore pressure observed in Mont 2 demonstrates that permeable fracture systems extend to seismogenic depths. The diffusion of pore pressure to depth through such fracture zones is obviously an important element in the triggering of the seismicity. The most likely explanation of the artesian pressure encountered in Mont 2 is that the fracture zone found at 400-500 m depth (Figure 10 ) is in direct hydrologic communication with the reservoir because the reservoir is the nearest source of excess pore pressure. However, it is possible that this fracture system is not in hydrologic communication with the reservoir, but with permeable fracture zones that crop-out at an appropriately higher elevation. If this is the case, though it does not seem likely, then the pore pressure data from Mont 2 only demonstrate the manner in which impoundment of the reservoir could have caused an increase of pore pressure at depth.
Similarly, the observation that there is a perched water table at Mont 1 only demonstrates that it was possible for the subsurface pore pressure to have changed. The lack of preimpoundment data from depth makes it impossible to say whether it occurred or not. However, the discovery of the perched water table may enable us to explain an apparent enigma. That is, if the subsurface pore pressure near Monticello Reservoir simply resulted from normal water table conditions and if the water table followed the topography at a depth usually less than 20 m, it would have been very ditficult for earthquakes to be triggered by subsurface pore pressure changes in the regions adjacent to the reservoir where the elevation is more than 20 m higher than the reservoir level. As the pore pressure at depths greater than 300 m in Mont 1 is subhydrostatic, it does not matter that the near-surface water table is at about the same level as the reservoir water table; deeper pore pressure changes could have occurred.
PERMEABILITY MEASUREMENTS
The rate at which pore pressure responds at depth to the impoundment of the reservoir is a function of the permeability of the rock. Theoretical studies [Bell and Nur, 1978; Withers and Nyland, 1978] have considered the subsurface change in pore pressure due to reservoir impoundment. It is important to know the in situ permeability at Monticello Reservoir to compare the theoretical fluid diffusion time with the time history of seismicity so as to provide an additional test of our working hypothesis. Moreover, if the working hypothesis is correct, knowing the in situ permeability allows us to predict the growth of the zone in which pore pressure has been perturbed with time.
Method
The basic technique employed for measuring permeability was the 'slug test' method described by Cooper and Bredehoeft and Papadopoulus [1980] . The slug test method consists of setting a single inflatable packer in the hole and subjecting the entire length of the hole below the packer to a nearly instantaneous pressure pulse or slug. The decay of the pressure pulse is then analyzed to determine the transmissivity of the tested interval. As transmissivity is simply the product of the permeability and the length of the tested interval, a bulk permeability for the interval below the packer can be calculated. The validity of assigning a bulk permeability to fractured rock (permeability is usually considered to be a property of a uniform, homogenous, and isotropic medium) has been discussed by Parsons [1966] and Barenblatt et al. [1960] . By comparing tests with the packer set at various depths in the hole, bulk permeability can be computed for various discrete intervals in the well by differencing the transmissivity values at the measurement depths. However, the uncertainty in such values is high as it is the sum of the uncertainties of the individual tests. Figure 12 that for a bulk permeability of 1 mdarcy, the expected onset of activity within about 1 km of the reservoir is about 1 week, and we see in Figure 2 that the major onset of earthquake activity started about 1 week after the major increase in lake level began on about December 13, 1977. The January and February 1978 burst of activity (with most earthquakes occurring within 3 km of the reservoir) occurred within 2 months after reservoir impoundment. For a permeability of 1 mdarcy, this is about what is expected. Even though we do not know the exact value of pore pressure required to trigger the events, Talwani [1981] demonstrates that the characteristic time for diffusion t* is within an order of magnitude of the time required for the pore pressure to change from about 3 to 90% of its final value. Thus t* is an approximate measure of the time in which the pore pressure changed from its preimpoundment to postimpoundment values.
Results
Bulk permeability was determined for four intervals in
In Figure 12 we interpret the seismicity to date as having occurred in two stages. In the first stage, from the time of reservoir impoundment to about 3 months after impoundment, seismicity was occurring in a diffusion-controlled mode: the size of the epicentral zone was growing as a 
Future Activity
In considering where future earthquake activity is likely to take place, two important questions require discussion. What physical process has limited the growth of the epicentral zone? Why do infrequent minor bursts of activity continue to occur within the epicentral area that was defined within the first few months after impoundment? In considering the second question, the best explanation seems to be that diffusion of pore pressure is occurring into isolated less permeable zones. Considering Figure 12 , it takes about 1 year for the pore fluid to diffuse 1 km in a medium with a permeability of 0.01 mdarcy, the lowest measured value. Thus it is expected that activity will continue as diffusion into isolated low permeability zones occurs, and it appears that some of the seismicity gaps observed in Figure 3 may subsequently be filled. In situ stress and permeability measurements in these gaps would help determine if they have not yet been active because the stresses are high but the permeability is low (in which case there could be future activity) or if they will never be active because the stresses are not near critical. Figure 12 , within about 100 days after impoundment the zone of elevated pore pressure had extended 4-5 km from the reservoir if the measured permeability of 1 mdarcy is indeed representative. A 4-km distance includes all the seismicity that has occurred since reservoir filling (Figure 3) , and the entire zone in which seismicity has occurred was essentially defined in the first 2 months of activity [Talwani, 1979] . But what physical mechanism has restricted the epicentral zone to f'he area immediately adjacent to the reservoir? Three possible mechanisms come to mind: (1) the state of stress may not be critical outside of the zone already defined by seismicity, (2) the distribution of fractures and joints may be so different outside the zone of seismicity that either no well-oriented potential fault planes exist or that there are so few fractures and joints that the permeability is extremely low, or (3) that due to the hydrology of the area, the impoundment of the reservoir has had no appreciable effect on the preimpoundment subsurface pore pressure outside of this zone. Only the last explanation seems reasonable. Although we do not have data from the surrounding region, there is no reason to suspect a priori that either the state of stress or the fracture systems are markedly different. However, the fact that the seismicity has been limited to the close proximity of the reservoir strongly suggests that the impoundment has had no affect on subsurface pore pressure at distances more than about 4 km from the reservoir, Considering 1 mdarcy as a reasonable nearsurface permeability, sufficient time has already elapsed for diffusion to reach > 10 km if it was likely to occur. We suspect that the natural hydrologic conditions around the reservoir have prevented fluid diffusion from affecting the subsurface pore pressure beyond the hills and ridges adjacent to the reservoir and have thus limited the growth of the epicentral zone. 
According to
Future Monitoring
Because of the rapid decrease in permeability at depths greater than 0.5 km observed in Mont 2, it may take years for diffusion to occur to depths greater than 1 km. It is therefore critical to maintain accurate seismic monitoring at Monticello Reservoir. Unless activity ultimately begins to migrate to greater depths the earthquakes that are expected to occur in the future should have a similar magnitude to those that have already occurred (ML --< 3.0). The stress field at depths greater than -1 km was not sampled directly, and it is difficult to predict the stress magnitudes at greater depth due to the apparent heterogeneity of the stress field. It is conceivable, however, that earthquake depths might begin to increase. If so, it may mean that a mechanism other than that discussed above is responsible for the seismicity and that the implications of the mechanism proposed are no longer applicable.
APPENDIX
The pressure and flow records for the hydraulic fracturing measurements are presented in Figures A 1 and A2 . The data presented were recorded from pressure and flow transducers at the surface. The pressure data actually used for computation of the in situ stresses were primarily from a downhole pressure recorder, the records from which are not amenable to reproduction. During pumping the pressure records presented here are affected by a pressure gradient in the hose between the transducer and the well head. The magnitude of the pressure drop due to this gradient is 10-20 bars at the flow rates used. No appreciable pressure gradient due to flow occurs in the drill pipe. To obtain downhole pressure (uncorrected for this pressure drop) from the surface records, simply add the hydrostatic pressure indicated in Table  1 . In Figures A1 and A2 
